The laparoscopic approach is used commonly to perform many different types of intra-abdominal surgery and it is favoured because it reduces the postoperative morbidity associated with open procedures 1 . Changes in ventilation are common and arise from the pressure effects caused by the insufflation of gas to distend the abdomen (usually carbon dioxide, CO 2 ). Increases in airway pressure and end-tidal carbon dioxide (ETCO 2 ) are usually seen. Treatment includes limiting the insufflation pressure to below 12 to 15 mmHg and increasing the ventilatory pressures and minute volume 2 .
Subcutaneous CO 2 or surgical emphysema is a less common, but well-recognised complication of laparoscopic surgery and also causes increased ETCO 2 3, 4 . Its incidence is quoted at 0.4 to 2% 5 . The surgical emphysema results from the insufflating gas tracking under pressure into the subcutaneous tissue planes and presents clinically as palpable crepitus under the skin. The subcutaneous CO 2 is absorbed and adds to the CO 2 load in the body, which is already increased due to the CO 2 used to distend the abdomen. Increases in ETCO 2 and arterial partial pressure of CO 2 (P a CO 2 ) of up to and above 100 mmHg, with associated severe respiratory acidosis, have been reported 4, 6 . Yet surgical emphysema as a complication affecting anaesthetic management during laparoscopy is rarely reported by anaesthetists, and many would not consider surgical emphysema as a cause of rising ETCO 2 levels during laparoscopic surgery. Leonard and Cunningham in a recent review of anaesthesia for laparoscopic cholecystectomy only briefly mention this complication 2 and similar reviews are few [7] [8] [9] [10] and provide little mention of surgical emphysema.
In this report we present four cases of abdominal laparoscopic surgery within a one-year period where the ETCO 2 and CO 2 load increased to an unexpectedly high level during laparoscopy. Extensive surgical emphysema was later found in all four cases. Detection of the rise in ETCO 2 was facilitated by the use of a computerised visual display of the anaesthetic record, which showed graphically the increases in ETCO 2 . Following the development of these episodes of surgical emphysema, the pulmonary CO 2 elimination increased by 240 to 330%, whereas uncomplicated laparoscopy is usually associated with only a 15 to 76% increase 11 . 
CASE HISTORIES

Case 1
A 77-year-old, 49 kg Hong Kong Chinese woman presented for a laparoscopically-assisted left hemicolectomy under general anaesthesia. Other than osteoarthritis, her past medical history was unremarkable. Preoperative examination and investigations were also unremarkable. Anaesthesia consisted of a propofol induction, fentanylmorphine, atracurium infusion and ventilation with nitrous oxide and isoflurane. Standard anaesthetic monitoring and a computerised recording and graphical display of her anaesthetic record were used ( Figure 1 ). Monitoring data was updated every five seconds. The software package Monitor 12 , written in-house for Macintosh (Apple Inc., Cupertino, CA, USA), was used. The peritoneal cavity was insufflated with carbon dioxide to a pressure of 15 mmHg. The procedure lasted four hours and involved adhesiolysis, mobilisation of the left colon and tumour excision via a minilaparotomy, during which the abdomen was deflated. Blood loss was 400 ml.
During laparoscopy she initially required a minute ventilation of 6.5 l/minute to maintain her ETCO 2 at 44 mmHg (Table 1) . During the laparoscopy, her ETCO 2 gradually increased and the anaesthetist responded by increasing the ventilator settings ( Figure 1 ). Eventually the level of minute ventilation reached 9.6 l/minute and the ETCO 2 increased to 66 mmHg. However, the airway pressures in relation to tidal volume and lung compliance did not change significantly (Table 1 ). Throughout surgery, her oxygen saturation remained above 98% and her blood pressure fluctuated between 115 and 140 mmHg systolic and 60 and 80 mmHg diastolic and her pulse rate between 60 and 80 bpm. Her temperature remained between 36.0 and 36.3°C. At the end of the surgery she was found to have extensive surgical emphysema with palpable crepitus extending from her neck and both upper arms down to both knees.
The pulmonary CO 2 load was calculated by multiplying the ETCO 2 (mmHg) by the minute ventilation (l/min) and dividing by the alveolar gas pressure (mmHg) and the patient's weight (kg), where alveolar gas pressure was calculated from the barometric pressure (760 mmHg) minus the partial pressure of water vapour (13 mmHg) 13, 14 .
Her initial CO 2 elimination, or load, was 4.8 ml/ kg/minute. This increased to 6.3 ml/kg/minute during the initial phase of laparoscopy, an increase in CO 2 load above the pre-laparoscopic level of 30% ( Figure 1 ). However, the CO 2 load further increased to reach a maximum of 16.3 ml/kg/minute, an increase of 240%, which was attributed to the surgical emphysema. The CO 2 load decreased to 8.9 ml/kg/ minute, or 80% above the pre-laparoscopic level, when the abdomen was deflated to allow a minilaparotomy to excise the surgical specimen ( Table 1) .
Case 2
A 58-year-old, 63 kg Hong Kong man presented for a robotically (Da Vinci) assisted laparoscopic radical prostatectomy for prostatic cancer. He was a smoker, chronic drinker, had recovered from a stroke and had undergone previous bowel surgery. His only current medication was aspirin. Preoperative examination and investigations were otherwise unremarkable. Anaesthesia consisted of propofol induction, fentanyl-morphine, atracurium infusion and ventilation with isoflurane in air. Standard anaesthetic monitoring plus an arterial pressure line and computerised anaesthetic record were used. Surgery lasted 5.5 hours with steep head-down tilt and both arms strapped at the sides. Anaesthetic access to the patient was limited. Laparoscopy was initially well-tolerated with acceptable ETCO 2 levels and ventilator settings ( Figure 2 ). Blood pressure and heart rate remained stable. After three hours the ETCO 2 started to rise, despite increases in the ventilator settings, and reached a peak of 55 mmHg. Arterial pH was 7.17 and P a CO 2 was 8.04 kPa (61 mmHg). Palpable surgical emphysema was sought and found to be present over the anterior chest wall. Full examination later demonstrated crepitus extending from the neck and upper arms over the whole torso to both upper thighs. The CO 2 load during laparoscopy rose from 4.4 to 12.6 ml/kg/minute, an increase from 40 to 300% above the pre-laparoscopy level ( Table 1) . No obvious cause for the surgical emphysema was found. Case 3 A 64-year-old, 51 kg Hong Kong woman presented for a laparoscopically-assisted anterior resection for a rectal tumour under general anaesthesia. She had a past history of old pulmonary tuberculosis but otherwise had enjoyed past good health. Preoperative examination and investigations were unremarkable. Anaesthesia consisted of propofol induction, fentanyl-morphine, atracurium infusion and ventilation with isoflurane in air. Standard monitoring and our computerised anaesthetic record system were used. Surgery lasted about three hours and was uneventful. The pneumoperitoneum was well-tolerated with acceptable ETCO 2 and ventilatory variables ( Table 1 ). Blood pressure and heart rate remained stable until two hours into the laparoscopy (Figure 3 ), when a small abdominal incision was made to remove the surgical specimen. This was followed by an acute rise in ETCO 2 from 32 to 59 mmHg following re-insufflation of the abdomen (Figure 3 ). Postoperatively, the patient was found to have extensive palpable surgical emphysema extending from the neck and both shoulders down to both thighs. Her CO 2 load increased 5.6 to 12.4 ml/kg/minute, a two-to three-fold increase Table 1 ).
Case 4
A 55-year-old, 50 kg Hong Kong man presented for a laparoscopically-assisted anterior resection for a rectal tumour under general anaesthesia, similar to case 3. He was a smoker but otherwise had previously enjoyed good health. Preoperative examination and investigations were unremarkable. Anaesthesia consisted of propofol induction, fentanyl-morphine, rocuronium infusion and ventilation with sevoflurane in air. Standard monitoring and our computerised anaesthetic record system were used. Surgery lasted 3.5 hours. Laparoscopy was well-tolerated with acceptable ETCO 2 levels and ventilator settings ( Table 1) . Blood pressure and heart rate remained stable throughout. However, just before the end of surgery the abdomen was deflated and a mini-laparotomy performed to remove the surgical specimen. Then the abdomen was closed and insufflated again. This was followed by an acute rise in ETCO 2 from 42 to 55 mmHg, similar to that shown in case 3 (Figure 3) . The patient was subsequently found to have palpable surgical emphysema extending from the neck and chest to the umbilicus. His CO 2 load rose from 7.9 to 19.8, an increase of over three-fold during the event ( Table 1 ). The surgeon was discovered to have temporarily closed the abdominal incision by skin closure just before re-insufflation, thus CO 2 had escaped under pressure into the subcutaneous tissues of the patient's torso via the partially closed mini-laparotomy wound.
DISCUSSION
In our four cases of subcutaneous emphysema complicating laparoscopic surgery, significant and unexpected rises in ETCO 2 were seen, necessitating increases in minute ventilation. Carbon dioxide load was subsequently found to have increased to 12.4 to 19.8 ml/kg/minute, from a baseline of 3.1 to 4.8 ml/ kg/minute, or an increase by 240 to 330% (Table 1) . Three patients developed significant surgical emphysema extending from legs to the upper arms and neck, and covering the torso, and in one patient crepitus developed only above the umbilicus. Earlier diagnosis could have prevented further extension of the surgical emphysema and additional CO 2 loading.
Abdominal insufflation with CO 2 gas during laparoscopy results in systemic absorption of CO 2 and thus increases the CO 2 elimination, or load, delivered to the pulmonary circulation. Normally the body responds to increased CO 2 production, such as during exercise, by increasing respiratory rate, but under anaesthesia, where ventilation is determined by the anaesthetist, the ETCO 2 rises unless the ventilation is adjusted. Metabolic studies of CO 2 production and respiratory quotients have suggested that CO 2 production during simple laparoscopy increases over and above basal metabolic CO 2 production by less than 50%. Tan et al reported a 30% increase in CO 2 production during pelvic laparoscopy 15 . Mullet et al reported 15% increases in CO 2 production during simple gynaecological laparoscopy, 25% increases during laparoscopic cholecystectomy and 76% increases during pelviscopy, which involves retroperitoneal dissection of pelvic lymph nodes 11 . These authors also reported that the CO 2 production during laparoscopy increased linearly for the first 8 to 10 minutes and then reached a plateau for the rest of the procedure, and further increases in CO 2 did not occur. These figures are in keeping with our data for laparoscopy of 30, 40, 50 and 100% increases in CO 2 load (Table 1 ). In the last two cases significant extraperitoneal pelvic dissection occurred.
More recently, surgical interest has focused on the CO 2 absorption from extra-peritoneal insufflation with particular interest in renal and transplant surgery 6, 13, 16 . Although reports are conflicting, CO 2 production is greater than for intra-abdominal laparoscopy and increases, rather than plateaus, during surgery. Streich et al reported increases in CO 2 production of 38, 46 and 63% at 30, 60 and 90 minutes after retroperitoneal insufflation for renal surgery 16 . Wolf et al reported an average increase . Peak airway pressure (PAP) shown by lower graph (lighter grey shading). The patient was induced at 0820 hours and pneumoperitoneum induced at 0910 hours. The patient remained stable until 1030 hours when a peak in ETCO 2 occurred. The minilaparotomy with abdominal deflation was performed just prior to this, between 1000 and 1020 hours.
in CO 2 production of 80% for laparoscopic extraperitoneal renal surgery 14 . In cases 3 and 4 of our series the patient underwent pelvic mobilisation of a rectal tumour which involved significant extra-peritoneal dissection, thus facilitating the leakage of CO 2 into pelvic and retroperitoneal tissue planes. This would explain the increased CO 2 production in cases 3 and 4 of 50 and 100% respectively. Similar levels of CO 2 production of 63 and 80% have been reported during extra-peritoneal laparoscopic renal surgery 6, 16 . Unfortunately, CO 2 absorption cannot be measured directly during the course of laparoscopic surgery. Instead, CO 2 elimination has to be measured, which includes metabolic production. Wolf et al describe an equation based on the alveolar gas equation for deriving the CO 2 elimination from the ETCO 2 and minute ventilation, which we also used in our case series 14 . Carbon dioxide elimination during anaesthesia is reported to be 2.5 to 4.0 ml/kg/minute, which is in keeping with pre-laparotomy data from our four cases (range 3.1 to 4.8 ml/kg/minute) ( Table 1) 6, 13, 15 .
When calculating the CO 2 elimination we used the patient's minute ventilation. However, CO 2 elimination is determined by the alveolar ventilation and no adjustment was made in our report for the dead-space component of minute ventilation. The clinical nature of our report meant that dead-space was not measured and could not be derived retrospectively. Previous authors have also used minute volume rather than alveolar ventilation to estimate CO 2 elimination 13,14 and using minute volume helped when comparing study findings. Adjustment for the dead-space in our calculations would have reduced our estimate of CO 2 elimination by up to 20 to 30%, but when minute ventilation is increased in response to raised ETCO 2 levels, the relative contribution to minute volume of the deadspace decreases. Thus, our estimated increases in CO 2 load with surgical emphysema may have been relatively larger. Nevertheless, our absolute values for CO 2 elimination would have been affected by the use of minute ventilation rather than alveolar ventilation in our calculations.
Raised ETCO 2 levels associated with laparoscopic surgery are of concern, because of the associated respiratory acidosis, particularly if preoperative cardiopulmonary disease is present 17 . Yoshida et al reported a case of laparoscopic renal surgery in a patient with severe pulmonary emphysema in whom the P a CO 2 increased to 137 mmHg and the high blood CO 2 levels reduced the Bispectral Index (i.e. electroencephalogram measurement of anaesthetic depth) to near zero 6 . These authors estimated that a P a CO 2 of 137 mmHg was equivalent to a minimum alveolar concentration of 0.5 for CO 2 anaesthesia. Wittgen et al reported a case of laparoscopic cholecystectomy in a patient with cardiopulmonary disease where rises in P a CO 2 and acidosis could not be controlled until the pneumoperitoneum was discontinued and open surgery performed. However this was the only case out of 10 with cardiopulmonary disease in which surgery was converted to an open cholecystectomy 17 . In general, the 15 to 80% increases in CO 2 elimination reported by most studies 11, [14] [15] [16] are well-tolerated and the necessary increases in ventilation are not a clinical problem. In fact, during exercise it is normal to increase ventilation to well above these levels.
Extra-peritoneal CO 2 or surgical emphysema can be associated with much larger increases in ETCO 2 and CO 2 elimination, as seen in our four cases. Gottlieb et al reported a case of massive subcutaneous emphysema during parathyroid surgery in which minute ventilation was increased to 20 l/minute and the P a CO 2 increase to 50 mmHg, an estimated CO 2 elimination of 18 ml/kg/minute, which is comparable or higher than those levels reported in our case series (range: 12.4 to 19.8 ml/kg/minute) ( Table 1 ). The P a CO 2 of this patient reached 63 mmHg, suggesting an even greater level of CO 2 elimination 18 . Pearce reported a case of laparoscopic cholecystectomy in which the ETCO 2 increased to 85 mmHg, P a CO 2 to 100 mmHg and pH decreased to 7.07. Surgical emphysema was also found extending over the chest wall and neck 4 . Santana et al reported two further cases of late onset subcutaneous emphysema following laparoscopic cholecystectomy. In the first case the ETCO 2 increased to 74 mmHg without any increase in peak inspiratory pressure 90 minutes after initial CO 2 insufflation. In the second case significant respiratory acidosis, due to increased CO 2 production, presented in the recovery room 19 .
Animal studies using a pig model of subcutaneous emphysema with 6 and 12 l of CO 2 being used, have shown that P a CO 2 levels increase from 40 to 68 and 93 mmHg, respectively 20 . The systemic effects reached a peak after 20 to 30 minutes, and took 100 minutes to return to baseline. This is relevant postoperatively following an episode of subcutaneous emphysema as the patient's metabolic and respiratory function could take several hours to return to normal and ventilator support has usually been discontinued. Thus, affected patients will suffer increased cardiorespiratory stress 11 .
Another important aspect of our four cases was having a detailed graphical display of the patient's anaesthetic record, such as that provided by the Monitor program 12 . It proved useful in identifying serial changes in ETCO 2 level (Figures 1 to 3) and thus identifying increases in CO 2 load that were out of keeping with normal laparoscopy. In three of the cases it facilitated the early diagnosis of surgical emphysema. However, in the first case the anaesthetist was not alert to the possibility, despite adequate warning signs, until extensive surgical emphysema was found postoperatively, supporting our impression that a lack of awareness of this complication exists amongst anaesthetists. In the second case, access to the patient was significantly limited because the patient was set up for Da Vinci robotic surgery. Here again it can be argued that access to a visual display of the anaesthetic record and seeing trends in vital parameters helped in earlier diagnosis of surgical emphysema.
Another important cause of ETCO 2 rises during anaesthesia is equipment failure, such as a faulty one-way valve in the breathing circuit. The resultant increase in equipment dead-space will cause a reduction in alveolar ventilation, despite the minute volume being unchanged. Therefore, the anaesthetist must also be alert to this possibility whenever unexpected rises in ETCO 2 occur.
The incidence of surgical emphysema during laparoscopic surgery is difficult to determine from our data. Some authors have reported an incidence of 0.4 to 2% 5 . Our four cases are reported from a busy teaching hospital in a one-year period, but other cases that we were not aware of may have occurred in our hospital during that time period. All we can be sure about is that it is possible for cases to occur occasionally despite surgical precautions.
In conclusion, surgical emphysema is an uncommon but important complication of laparoscopic surgery that is associated with above expected increases in CO 2 levels and CO 2 pulmonary elimination, usually manifested by an increase in ETCO 2 . The use of computerised visual displays of the anaesthetic record will help in early diagnosis. Based on our data, and that of others, of CO 2 pulmonary elimination using minute ventilation and ETCO 2 readings, the CO 2 pulmonary elimination should increase by less than 100% during routine laparoscopic surgery. Increases in CO 2 pulmonary elimination in excess of 200% should raise suspicions of a serious problem, such as equipment failure or surgical emphysema. Thus, estimating and tracking changes in CO 2 pulmonary elimination by multiplying the minute ventilation by the ETCO 2 during laparoscopic surgery would seem a good strategy for detection of surgical emphysema and other complications. If suspected, one should confirm or exclude the diagnosis through clinical examination.
